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Icing can have a profound impact on aircraft performance during inclement weather
conditions. Aircraft icing primarily occurs on the leading edge of wings, tails and
engines. The de-icing/anti-icing technologies currently in use are typically bulky, heavy,
cover the entire airfoil surface and consume high energy. These drawbacks highlight the
need for a de-icing technique that can overcome some or all of the aforementioned
problems. Therefore, in this thesis, a proposed de-icing technique is studied in which
lightweight Macro Fiber Composite (MFC) actuators are used to break the adhesive bond
between the leading edge of a wing and an accumulated ice layer. The concept for this
technique relies on the fact that when a structure is excited at its natural frequencies, the
shear stress generated is highest at certain modes. This shear stress can be used, therefore,
to break the adhesive shear bond provided that it exceeds 1.6 MPa, a threshold that was
derived from previous studies of de-icing. Since MFC finite element models are not
currently available, a creative solution for modifying standard piezoceramic models is

v

developed in this thesis to reproduce the characteristics of MFC. Theoretical and
simulation investigations of the frequency, static and harmonic tip displacement and
energy harvesting of a unimorph cantilever beam under MFC actuation are performed,
which are then followed by experiments that are conducted to validate the analytical and
modeling results. After successfully validating the results, it was concluded that the
ABAQUS model of MFC was highly reliable and could be used to model the proposed
de-icing application. The MFC finite element model was then used to study the proposed
de-icing technique on an aluminum leading edge of an airfoil section. An analysis of the
mode shapes, locations, and number and width of MFC actuators was performed to find
the best combination of parameters to generate the highest shear stress, and hence the
most effective de-icing, for low power consumption. Finally, ice debonding is studied for
different ice thicknesses and the total power consumption required for the proposed deicing technique is also calculated.
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CHAPTER 1 Introduction
1.1

Significance

Recent improvements and research on aviation have focused on the subject of
aircraft safety, particularly in severe weather conditions. During inclement weather, icing
has been found to have significant negative effects on aircraft flight performance and has
resulted in several fatal accidents. Aircraft icing is a large area of concern due to the
unfavorable effects of accumulated ice upon aerodynamic performance. Small amounts
of ice can have an extreme impact upon aircraft dynamics and consequently, icing has
been one of the most visible causes of severe accidents. Most icing related accidents
occur as a result of ice accretion affecting the performance and stability of an aircraft by
altering the shape of its aerodynamic surfaces. Other icing incidents include engine
failure and propeller ice, but this work will focus only on the effects of in-flight airframe
icing. Icing effects on aircraft flight dynamics depend on the location of icing. Icing
primarily occurs on the leading edge of wings, tails and engines. Ice can also be formed
inside an engine, which may cause engine failure. It may also form on protuberances such
as measurement probes and drains. Primary locations for ice accretion on an aircraft are
shown in Figure 1.1.
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Figure 1.1 Ice accretion on an aircraft [20]

Ice accretion on aircraft components can be disastrous. A survey of 2062 aviation
accidents from 1999 to 2010, which excluded military, private and charter aircraft,
showed that weather related effects accounted for 7% of all accidents. In FAA’s database,
319, and in NASA’s database, 730 icing-related accidents in large and small commercial
airplanes in the period of 1998-2007 are reported [1]. According to a statistical study by
Cole and Sands, 803 known icing accidents took place in the US in the period of 19751988; about half of them resulted in fatalities [2]. These accidents were attributed to the
failure of one or more components of the engines, stabilizers or the wing due to icing
conditions. While the number of accidents related to the engine and stabilizer component
failures is significant, of particular relevance to this study, several examples of accidents
resulting from ice accumulation on aircraft wings are:
2

1. In February 2009, Continental Express flight 3407 suddenly crashed five miles
short of the runway in Buffalo, N.Y, killing all 48 passengers and crew on board.
It was reported that the crash was caused by icing of the wing [3].

2. On November 19, 2005, a privately-owned Cessna 208 Caravan I crashed in the
Stupino District, in the Moscow Region, killing all passengers on board.
According to experts, a possible cause of the crash was ice formation, which
resulted a prolonged pitch down moment on the aircraft [4].

3. In February 2005, a Cessna 560 Citation V crashed in a prairie 4.1 miles from
Pueblo Memorial Airport, CO, killing all eight passengers on board. The flight
crew’s failure to effectively monitor and maintain airspeed and to act in
accordance with procedures for de-ice boot activation on the approach caused an
aerodynamic stall, resulting in a fatal accident [5].

4. In 1997, an Embraer 120 twin- engine turboprop operated by Comair crashed 18
miles short of Detroit Metropolitan Airport, killing all 29 passengers and crew
members. The aircraft went into a roll and nose-dived into a field during landing.
Records of the plane involved in the crash indicate that the plane’s de-icing
system failed during the flight. [6].

5.

In October 1994, American Eagle ATR 72 crash in Indiana, killing 68 people.
Investigators blamed ice on the wings, which caused the aircraft to stall despite of
the fact that the airplane was equipped with three de-icing systems. [7].
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6.

In 1982, an Air Florida Boeing 737-200 crashed in Washington DC, killing 74
people on board. The aircraft stalled shortly after taking off from Washington
because they took off with ice on the wings. [8].

In all the cases listed above, the primary cause of the accident was due to the loss of
control resulting from rough, thin accretion of ice on the wings. In the case of the Cessna
560 Citation V, the problem that caused the crash was not that the airplane was not
equipped with a de-icing system; instead the problem was that the pilot failed to use the
system effectively [5]. Therefore, these incidents illustrate the importance of the icing
problem on wing structures and the potential importance of a new and practical de-icing
system.
In-flight leading edge icing can significantly change the flight performance, control and
stability of an aircraft. Even small amounts of ice can have an extreme impact upon
aircraft dynamics. An ice ridge can affect the flow physics, which can lead to reduced lift,
increased drag, changes in the aerodynamic moments, and loss of control surface
effectiveness [9]. In addition, the current de-icing system most commonly used on
aircraft uses engine hot air. With the use of bleed hot air, the overall engine performance
decreases by increasing the fuel consumption and decreasing the engine power [9].

1.2

De-icing /Anti-icing Methods and Motivation
Aircraft de-icing is an essential system for ensuring aircraft safety. It is defined as the

removal of snow, frost and ice from the surface of the aircraft. De-icing is usually
followed by an anti-icing process to avoid further buildup for a limited time. There are
4

several different methods by which de-icing and anti-icing are achieved. These de-icing
and anti-icing methods can be broadly classified as:
1.2.1

Ground de-icing/anti-icing

This process is performed when the aircraft is at rest. It is achieved with chemical
fluid, hot water or forced air de-icing, infrared de-icing systems and tempered steam
technology.
1. Chemical methods involve spraying fluid such as ethylene (Type IV) or propylene
glycol (Type I) onto aircraft surfaces. According to the US Environmental Protection
Agency (EPA), propylene glycol-based de-icing fluid is more popular than ethylene
because it is less toxic (Figure 1.2). De-icing fluids can be used in various
combinations and different volumes to serve specific de-icing needs [10].

Figure 1.2 Aircraft Ground De-icing [10]

2. Hot water aircraft de-icing helps reduce the amount of anti/de-icing fluids used for
de-icing operations. Hot water de-icing requires heating and distributing water over
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the aircraft surface with a water temperature of at least 140F. This technique is much
cheaper and more practical than using chemical fluids [11].
3. Forced air de-icing systems deliver high-pressure air to the aircraft and are active in
removing dry snow. In many cases, an aircraft de-icing fluid can be added to the air
stream to create a hybrid system that can be more effective in removing ice and wet
snow [11].
4. Infrared (IR) de-icing technology involves melting frost, ice, and snow from aircraft
surfaces with infrared energy [11]. IR energy systems are based on propane-fired
emitters or on natural gas that is used to melt ice, frost and snow. Infrared energy deicing is very effective. Tests have shown that IR does not heat up the surrounding air,
and it has a negligible effect on the aircraft cabin temperature [11].
5. Tempered steam technology (TST) uses a mix of air and water vapor steam-infused
air to melt ice on aircraft surfaces and then plain hot air to dry the surface [12]. The
system also includes an inflated blanket type device that is affixed to a vehicle boom
to ensure that the heat is contained [12]. This new device has been used to
demonstrate the ability to de-ice and dry up to 6 cm of snow and up to 2 cm of ice in
about 10 minutes [12].
1.2.2

In-flight De-icing/Anti-icing
In-flight de-icing/anti-icing techniques involve removal or prevention of ice

formation when the aircraft is in flight; clearly, this is a more complicated process than
ground de-icing. In-flight anti-icing can be achieved by maintaining the surfaces prone to
ice accumulation regularly at higher temperatures (just above freezing temperatures).
Leading edges are maintained at higher temperatures by passing hot air, obtained from
6

the engine, along the inner surface or by using electrical heating elements. Although antiicing techniques prevent ice accumulation, they consume high amounts of energy. Deicing techniques, on the other hand, consume much less energy than anti-icing
techniques. However, by definition, some accumulation of ice is allowed before these deicing systems are employed.
Some of the in-flight de-icing techniques that are currently in use include:
Sonic Pulse Electro-Expulsive Deicer (SPEED):
This technique is an acceleration based de-icer for aircraft ice protection. The system was
developed in collaboration with NASA Lewis and DARPA’s SBIR program [13]. It
consists of special multiple winding actuators seated in the leading edge substructure.
The actuator coils are strategically placed behind the leading edge to apply impulse loads
directly to the aircraft skin or to the outer surface material. The rapid acceleration
debonds and sheds ice into the airstream in a very efficient manner [13]. SPEED
represents the most technically advanced low power de-icing system available [13]. This
technique is owned by Innovative De-icing Inc or IDI.

Shape Memory Alloys (SMA) de-icing technology
Shape Memory Alloy (SMA) materials have the ability to create force and to transform
shape through a martensitic phase transformation after an appropriate amount of energy is
delivered to the material. In this method, a thin sheet of SMA material is attached to the
leading edge surface to produce the displacement and force combination that is capable
of de-bonding ice [14]. After a small amount of ice has formed on the surface, the SMA
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sheet is activated to contract like a piece of rubber, resulting in shearing stresses that peel
the ice off into the air stream [14].

The Electro-Impulse Method- (EIDI)
In this method, high-voltage capacitors are rapidly discharged through the coils installed
just inside the skin of the aircraft leading edge, resulting in a sudden electromagnetic
repulsive force in the skin, which throws ice in all directions [16]. The well-known
drawbacks of this method are structural fatigue, electromagnetic interference and
passenger response to the noise. This de-icing technique has been certified on only one
airplane in which the system was only built into the tail. Even though this de-icing
method is potentially applicable to many light airplanes, it is not in production.
Moreover, product liability and risk limits any further applications. This method could
also be applied on helicopter rotors and turbine engine inlets [15].

Electro-Expulsive Separation System (EESS)
In this method, electrical conductors are arranged as U-shaped ribbons in an elastomeric
boot. A capacitor discharges current into one end of the ribbon. This creates opposing
magnetic fields due to opposing current directions in the adjacent legs, causing them
rapidly to move away from each other, thus deforming the elastomeric boot and forcing
the removal of ice [16].
Electro-Mechanical Expulsion De-icing System – (EMEDS)
Electro-Mechanical Expulsion De-icing System (EMEDS) is based on the latest
technology in aircraft ice protection. It was developed by COX Inc. “A micro second
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duration high current electrical pulse, delivered to the actuators in timed sequences,
generates opposing electro-magnetic fields that cause the actuators to change shape
rapidly. This change of the actuator shape is transmitted to the erosion shield of the LEA
causing it to flex and vibrate at a very high frequency. This rapid motion results in
acceleration-based debonding of accumulated ice on the erosion shield”. [17].

Electrical Heating
A very promising method to remove ice from aircraft surfaces is the “graphite based
heating element”. This graphite element can be heated very quickly and also cools very
quickly. In this technique, small areas of the graphite are strongly heated, so the ice over
that section de-bonds and leaves with the airflow without melting. A complete de-icing
cycle does not take long, and very thin accretions of ice can be shed without damaging
the aircraft. The system for small aircraft was tested by NASA, and its weight is less than
20 kg, including its own alternator [15].

Pneumatic Impulse Ice Protection System (PIIP)
The pneumatic impulse de-icing system utilizes a stretchable fabric-reinforced elastomer
de-icing boot, which consists of flat fabric reinforced tubes (Figure 1.3). High pressure
air is supplied as an impulse into these tubes, resulting in their expansion and the
stretching of the boot surface outwards, resulting in removal of ice due to shear stresses
developed at the ice-substrate interface [18].
Many of the above de-icing techniques require the wing structures to be covered with
elastomeric material (EESS, EIDI & PIIP). These surfaces tend to get pulled away due to
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negative pressure or suction pressure, mainly on the upper leading edge of the airfoil.
This results in surface distortion and an aerodynamic performance penalty. In addition,
the wear and tear and corrosion due to severe operating conditions are major concerns.
Also, detection of any defects in these boots is a difficult task. Maintenance and
manufacturing costs are considerably high. An electromagnetic impulse de-icer can add
an undesirable amount of weight to the wing structure and leading edge. Electrical
heating consumes a lot of power despite its light weight. SMA sheets, like de-icing boots,
cover the airfoil surface, which may be objectionable. These deficiencies stress the need
for a de-icing technique that can overcome some or all the above problems.

Figure 1.3 Cessna De-icing Boot [18]
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In addition, as mentioned by Reinmann, et al. [16], some of the reasons for high demand
for novel de-icing techniques are: 1. Modern high efficiency turbo engines have high bypass ratios (i.e., the ratio between cold air volume passing through the fan but bypassing
the engine and air flow volume flowing through the engine) and limited bleed air (i.e., hot
air drawn out from various stages of the engine) available for ice protection, requiring
more efficient de-icing systems; 2. Airfoil designers are demanding ice protection
systems that minimize the contamination of high performance surfaces and maintain
airfoil shape; 3. Military aircraft, requiring all weather capability, need more effective,
lighter weight ice protection systems.
The above-mentioned drawbacks of the existing de-icing techniques motivated
this study to develop a novel de-icing technique. An understanding of de-icing situations,
the kinds of ice encountered and their adhesive properties is essential for the development
of effective de-icing techniques.

1.3

Airframe Icing and Cloud Type, Types and Adhesive Shear

Strength of Ice
1.3.1

Airframe Icing and Cloud Type

Precipitation
Raindrops and drizzle from any sort of clouds will freeze on contact with a surface
whose temperature is below 0° C. The risk of severe clear ice increases with the size of
the water droplets [19].
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Water Content in Clouds
The rate of ice accretion is directly related to the water content. If the amount of water
content in a cloud is high, then the rate of ice buildup on an airplane surface should be
high. While several factors affect the water content of a cloud, it is observed that greater
water content is present in the clouds during the summer, and tropical clouds have higher
water content than polar clouds [19].
Cumulus clouds
This type of cloud consists mainly of liquid water droplets at temperatures of about –20°
C. Below this temperature, either liquid drops or ice crystals may predominate [18]. In
the range of 0° C to –20° C, the risk of airframe icing is severe in cumuliform clouds.
Airframe ice is unlikely at temperatures below –40°C. In a convective cloud, the vertical
motion varies its composition and corresponding ice risk throughout a wide altitude band
[19].
Stratiform clouds
This type of cloud is composed of several layers. Liquid water droplets with
temperatures up to –15°C are found. Severe amounts of ice accumulation can occur
between 0°C and –15°C [19].
High-Level Clouds
With their bases above 20,000 ft., high- level clouds, such as cirrus clouds, are usually
composed of ice crystals that will not freeze onto the airplane; therefore, when flying at
very high altitudes, the risk of structural icing is very insignificant [19].
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1.3.2

Types of Ice

Structural ice adheres to the external surfaces of the airplane. These types of ice are rime
ice, clear or glaze ice, mixed ice and hoar frost.
Rime Ice
Rime ice forms when water droplets are small. This type of water droplets is found in
light drizzle or stratified clouds. After the initial impact, the liquid portion remaining
freezes fast before the drop has time to spread over the aircraft surface [20]. The small
frozen droplets trap air giving the ice a white appearance (Figure 1.4-A ).Rime ice weighs
less than clear ice, and its weight is of little significance to the structure. However, its
irregular shape and rough surface decrease the aerodynamic effectiveness of airfoils,
reducing lift and increasing drag [20]. Rime ice is brittle and more easily removed than
clear ice. The accumulation of this ice is usually observed at higher altitudes [20].
Clear or Glaze Ice
This ice is sometimes clear and smooth, but usually contains some air pockets that result
in a lumpy translucent appearance. “Clear ice is tenacious, and if it does break off, large
chunks may damage the airframe” [20]. It is formed when large super-cooled water
droplets impinge onto a cold surface. This situation occurs mostly at lower altitudes in
freezing rain. Clear ice is denser, harder, and sometimes more transparent than rime ice,
and it is difficult to break (Figure 1.4-B).
Mixed Ice
It is a combination of rime and clear ice (Figure 1.4-C).
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Hoar Frost
Frost occurs when moist air comes in contact with a surface at subzero temperatures. The
water vapor, instead of condensing to form liquid water, changes to ice and bonds in the
form of frost. This white crystalline coating can form on an airplane when it is parked in
temperatures less than 0°C (Figure 1.4-D). It can also occur in flight when the aircraft
flies from temperatures below freezing into moist air with warmer temperatures. This ice
has little or no adhesiveness to the surface and can be easily removed [20].

Figure 1.4 Wing Leading Edge Covers with 4 Different Types of Ice: (A) Rime Ice, (B) Glaze Ice, (C)
Moderate Mixed Ice, (D) Hoar Frost [20]
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Despite the fact that all the types of ice listed above affect the performance of the aircraft,
glaze ice is the most challenging for de-icing. First of all, it is more transparent than other
types, which make it virtually invisible. Second, it forms in ridges, so it is difficult to
remove [20]. For these reasons, glaze ice poses severe problems.
1.3.3

Adhesive Shear Strength of Ice

Prior to the design and development of the in-flight de-icing technique, it is important to
determine some values for the adhesive strength of the substrate between the ice and the
aircraft surface (e.g., the leading edge of the wing). The de-icing technique studied in this
thesis will focus only on metallic substrates, especially aluminum, since a wealth of data
is available for these materials. Also, a large number of rotorcraft blades as well as wing
leading edges are constructed of aluminum and titanium. As mentioned previously,
numerous experiments have been conducted to measure the adhesive shear strength of
ice. The variation in testing methods, experimental procedures, and ice type has led to a
large variation in the adhesive strength determined in these investigations. Raraty and
Tator, who performed their experiments at 10°C, concluded that the interface strength of
the ice is less than the strength of the ice itself [21]. Loughborough and Hass found that
the adhesive shear strength increases with decreasing temperature [22]. In a study by
Bascom et al, the adhesive strength of ice was measured at 6°C, and they found that it
significantly increases with increasing surface roughness [14]. Jellinek studied snow ice
accumulation on a stainless steel substrate, and he found that the adhesive strength of ice
is lower in shear than in torsion [23]. The results of these adhesive shear strength of ice
studies are summarized in Table 1.1 and Table 1.2.

15

Table 1.1 Adhesive Shear Strength of Refrigerated Ice

AUTHORS

TESTING
METHOD

SUBSTRATE

ADHESIVE SHEAR
STRENGTH (MPa)

Raraty & Tabor [21]

Centrifugal rotor
technique

Stainless Steel

1.96

Reich [24]

Quasistatic shear load
applied using parallel
plate shear test

Titanium and
Neoprene

0.827 – 0.930

Centrifugal rotor
technique

Aluminum

1.52

Centrifugal rotor
technique

Copper

Ford & Nichols [25]

Quasistatic shear load
applied using parallel
plate shear test

Polished Stainless
Steel

0.24

Bascom et al [26]

Quasistatic shear load
applied using parallel
plate shear test

Polished Stainless
Steel

1.63

Loughborough & Hass
[22]

0.85

Table 1.2 Adhesive Shear Strength of Wind-Tunnel Impact Ice

AUTHORS

TESTING
METHOD

SUBSTRATE

ADHESIVE SHEAR
STRENGHT (MPa)

Chu & Scavuzzo [27]

Quasistatic shear load
applied using parallel
plate shear test

Aluminum

0 – 1.03

Stallbrass & Price
[28]

Centrifugal rotor
technique

Aluminum

0.026 – 0.127
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Based on all the studies mentioned above we can conclude that:
1. The adhesive shear strength of ice does not depend of the substrate material, the
outside temperature or the ice thickness.
2. The adhesive shear strength increases slightly with increasing droplet momentum
3. Interfacial adhesive strength increases with increasing surface roughness.
4. The adhesive shear strength is dependent on the type of ice.
5. The adhesive strength of ice is lower in shear than in torsion.
6. The shear strength of rime ice is lower than that of glaze ice.
From Tables 1.1 and 1.2, it is clear that there is a large difference in the shear strengths
obtained. According to Table 1.1, the shear strength of refrigerated ice ranges between
0.24 and 1.66 MPa and according to Table 1.2, it ranges between 0.026 and 1.03 for wind
tunnel impact ice. Since refrigerated ice is commonly used in de-icing experiments, it
would be reasonable to consider 1.66MPa, the maximum shear strength of the
refrigerated ice, as the adhesive shear strength to debond the ice from aluminum surfaces.
Moreover, according to Archer and Gupta [29], the maximum adhesive tensile strength of
the refrigerated ice is around 300MPa, which is significantly greater than the shear stress;
therefore, a de-icing technique that can focus on generating shear stress in order to break
the shear bond of the ice-substrate interface is proposed in the following section.
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1.4

Macro Fiber Composites or MFC
1.4.1

Typical applications and properties

Macrofiber composite (MFC), which is composed of piezoceramics (PZT), was
developed in 1996 at the NASA Langley Research Center [30]. MFC is a layered, planar
actuation material that consists of a rectangular cross-section with unidirectional
piezoceramic fibers (PZT 5A) embedded in a thermosetting polymer matrix. The active
fiber reinforced layer is sandwiched between kapton film layers and copper-clad
materials that possess an interdigitated electrode pattern [31]. The geometry of the MFC
is uniform, including the PZT fiber and electrode spacing and continuity. The purpose of
the rectangular fibers is to improve contact between the piezoceramic and the adjacent
electrode to ensure more efficient transfer of the electric field into the fibers.
Several MFC applications have been experimented with throughout the years. Moses et al
[32] used MFC to actively reduce vibration levels in the tail fins of a wind-tunnel model
of a fighter jet subjected to buffet loads. Schulz [33] conducted an experiment in which
he used the flexible, high force output of MFC to snap through an ansymmetrical
composite laminate system from one stable configuration to another. Moreover, Schulz’s
[33] discovery became a breakthrough for researchers because it provided some
assurance that using MFC with anisotropic structures could lead to large-deflection shape
control including morphing wing technology applications [33]. Ruggerio et al. [34]
utilized many MFCs as both sensors and actuators to determine the dynamic behavior of
the same inflated Kapton torus to manipulate its vibrations. The elasticity of MFC made
attachment convenient to the curved surface. Therefore, the MFC was determined to
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outperform other actuators and to have a sensitivity that is comparable to other
monolithic piezoelectric sensors. Moreover, the MFC employs the piezoelectric effect,
which gives it the ability to respond to electrical output and to be used for energy
harvesting [35].
The MFC actuators and sensors used in this thesis were P1 and P2 type devices with
overall dimensions of 85mm x 14mm x 0.3mm, operated according to the d31 and d33
electromechanical coupling mechanism, where d is the polarization generated per unit of
mechanical stress (T) applied to a piezoelectric material.

Figure 1.5 Direction of Forces Affecting Piezoelectric Elements

Figure 1.5 displays an image and concept of the electromechanical couplings. The
direction of positive polarization usually coincides with the Z axes, the directions X, Y, Z
are represented by the subscripts 1, 2, 3, and the shear about these axes is represented by
the subscripts 4, 5, 6. For instance MFC has a d31 and d33 coupling mechanism,
meaning that for d31 , the induced polarization is in the direction of 3 and stress is applied
in the direction of 1. Similarly, for d33 , the induced polarization and the applied stress are
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in the direction of 3 [36]. On this note, the constitutive equation, defined as the relation
between two physical quantities that is specific to a material and approximates the
response of that material to external stimuli [37], is used to determine the connection
between the applied stresses or forces to strains and deformations. The 3D constitutive
equation can be derived using the matrix method as shown below [38]:

1   S11
  
 2   S21
 3   S31
 
 4   S41
 5   S51
  
 6   S61

S12
S22
S32
S42
S52
S62

 D1   d11 d12
  
 D2   d 21 d 22
 D  d
 3   31 d32

S13
S23
S33
S43
S53
S63

S14
S 24
S34
S 44
S54
S64

d13
d 23
d33

d14
d 24
d34

S15
S 25
S35
S 45
S55
S65

S16   1 
d12
  d
S 26   2   11
d
d 22
S36   3   21
d32
    d
S 46   4   31
d
d 42
S56   5   41
d52
   d
S66   6   51

d13 
d 23   E1 
 
d33   E2 
d 43   E3 

d53 

(1.1)

d15
d 25
d35

 1 
 
2
d16    11 12 13   E1 

  3  
 
d 26      21  22  23   E2 

d36   4  31 32 33   E3 
 5 
 
 6 

(1.2)

where T1  T2  T4  T5  T6  E1  E2  0 .
Eq. (1.1) and Eq. (1.2) give the compacted form for the 3D constitutive equations for
piezoelectric material, which is shown below [38]:
E
 ij  Sijkl
 kl  dijk Ek

(1.3)

Di  dikl kl  ikT Ek

(1.4)

In the above equation,
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-

 is the strain component (m m)

-

S E is the elastic compliance constant (m2 N )

-

 is the stress component ( N m2 )

-

d is the piezoelectric strain constant (C N )

-

E is the electrical field (V m)

-

D is the electrical displacement (C m2 )

-

 is the permittivity of the material ( Fm1 )

1.4.2

Benefits, features and suitability for this de-icing technique

In this de-icing technique, MFC actuators are used to excite the system at one or more of
its natural frequencies. MFC actuators are chosen for different reasons and advantages
that are suitable for the proposed method. Some of the important benefits of using MFC
are [30]:
-

It is lightweight, usually adding negligible weight to the structure.

-

MFC can operate at very low temperatures, even below freezing.

-

MFC can be applied directly to the wing structure without changing the form
factor of the wing.

-

It is capable of large, continuous deformations, eliminating the need for hinged
control surfaces.
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-

MFC has highly accurate movement and can provide precise excitation at the
desired natural frequency.

-

It conforms to any shape easily and can be adhered to any surface.

-

MFC can be also used as a strain gage sensor, which makes it potentially useful
for structural health monitoring and vibration and shape control.

1.5

Proposed De-icing Technique

When a structure is excited at one of its natural frequencies, large stresses are generated.
These stresses depend on the applied natural frequency. In addition, the material used for
the structure, the boundary conditions as well as the shape of the structure affect the
response. It is found that at some natural frequencies, the shear stresses generated are
very high; hence, these stresses can break the adhesive bond between the ice layer and the
aircraft wing surface, which was found to require a shear stress of approximately 1.66
MPa.
Some of the drawbacks of previous de-icing techniques are considered while proposing
the de-icing method discussed in this paper.
-

Weight: MFC actuators are used to excite the system and the weight of MFC can
almost be neglected compared to the weight of the structure.

-

Aerodynamics: MFC actuators are placed on the inner surface of the wing, hence
no effect is found on the airfoil shape.

-

Power consumption: Low power is needed to activate the MFC actuators.
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-

Leading edge design: MFC actuators are very flexible and very thin, which make
them easy to attach to the surface. MFC always take the shape of its master
surface; therefore, there is no need to redesign the wing leading edge.

The steps followed to study this de-icing technique are:
1. The natural frequency, tip deflection and output voltage are determined using
numerical analysis with a theoretical model.
2. A finite element model of MFC actuators bonded to a structure is developed in
ABAQUS, and the results are compared with those obtained using the theoretical
model.
3. The data obtained using the finite element and the theoretical analysis is
compared with experimental results in order to assess the validity of the MFC
finite element model in ABAQUS.
4. The shear stress distribution on the leading edge of an airfoil section is studied at
every natural frequency. The results are used to determine the best excitation
mode for maximizing shear stress to provide the highest degree of de-icing.
5. The best placement, number, and width of MFC actuators are determined for a
simulated leading edge de-icing scenario, modeled in ABAQUS
6. The power consumption is calculated for the proposed technique.
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CHAPTER 2 The Modeling and Analysis of a Unimorph
Cantilever Beam
In this chapter, the numerical analysis of the frequency, tip displacement, and
energy harvesting of a unimorph cantilever beam is investigated using an analytical
model. Table 2.1 shows the material and geometric parameters of the unimorph cantilever
beam and the MFC actuators used for the numerical analysis.
Table 2.1: Material and Geometric Parameters of the MFC P1, P2 and Cantilever Aluminum Beam [30]
Item

Parameter

Value

MFC P1 & P2

Length
Width
Thickness

0.085m
0.014m
0.0003m
7500 kg m3

Density
Young’s Modulus

E1

30.35 109 Pa

Young’s Modulus

E2  E3

15.85 109 Pa

Shear Modulus

G12  G13  G23

5.52 109 Pa
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0.31
0.16

Poisson Ratio  12
Poisson Ratio  13

Piezoelectric constant

d33

4.6 1010 Pa

Piezoelectric constant

d31

2.11010 Pa

1.5 108 Fm1

Dielectric constant
Voltage Constant

ALUMINUM BEAM

10.1103

g 31

Vm
N

Poisson Ratio

0.22m
0.014m
0.0005m
2700 kg m3
0.35

Young’s Modulus Es

70 109 Pa

Length
Width
Thickness
Density
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2.1

Frequency
2.1.1

Analytical Analysis of the Frequency Equation of a Cantilever Beam

A straight elastic beam possesses both the mass and stiffness to resist bending. During
transverse vibration, the beam bends perpendicular to its own axis, converting potential
energy into kinetic energy. The general assumptions used in the theoretical analysis of the
beam in this chapter are [39]
-

The beam is uniform along the span.

-

Elastic material of the beam is linear, homogeneous and isotropic.

-

The ratio between the beam cross section and its length is very small.

-

No axial loads are applied to the beam.

-

Only normal deformations to the undeformed beam axis are considered.

The natural frequencies and mode shapes of the beam are directly related to the number
of flexural half-waves, which are represented by an integer index (i). For each index,
there is an associated natural frequency and mode shape. In general, for a cantilever
beam, the natural frequencies can be expressed in the form [39]

 2  EI 
fi  i 2 

2 L  m 

1/2

;

i = 1, 2, 3, 4 …

where
-

i is a dimensionless natural frequency parameter
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(2.1)

-

L is the length of the beam

-

m is the mass per unit length of the beam (equal to the density multiplied by
the cross section area)

-

E is the modulus of elasticity

-

I is the moment of inertia of the beam about the neutral axis

For the cantilever beam (clamped-free case) discussed in this chapter, the dimensionless
natural frequency parameter i and the stress  i can be numerically calculated from the
equations below [39]
Equation for  :
cos  cosh   1  0

(2.2)

sinh i  sin i
cosh i  cos i

(2.3)

Formula for  i :

Moreover, the mode shape functions can be written as [30]

x
x
x
x

x
yi   = cosh i  cos i   i  sinh i  sin i 
L
L
L
L 
L


 cosh

i x
L

 cos

i x
L



sinh i  sin i 
x
x
sinh i  sin i 

cosh i  cos i 
L
L 

(2.4)

The results presented in Table 2.2 were computed by solving these two equations
numerically using MATLAB.
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Table 2.2 Dimensionless Natural Frequency and Stress for the Clamped-Free Cantilever Beam

i

i

Mode #
1
2
3
4
5

1.8751
4.6940
7.8547
10.9954
14.1371

0.7340
1.0184
0.9992
1.0000
0.9999

>5

(2i-1)

 1.0 ; i > 5


;i>5
2

Substituting the values of i into Eq. (2.1) and  i into Eq. (2.4), we obtain the natural
frequencies and the mode shapes of the cantilever beam respectively.
Figure 2.1 shows the first four mode shapes of the cantilever beam, which were generated
using MATLAB.

Figure 2.1 First Four Mode Shapes of the Aluminum Cantilever Beam
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2.1.2

Numerical Model Analysis

After applying Eq. (2.1), the natural frequencies for the first 5 modes are given in Table
2.3.
Table 2.3 Natural Frequencies of the Cantilever Beam

Mode #
1
2
3
4
5

Natural frequency (Hz)
8.4971
53.2485
149.0744
291.8883
482.9874

2.2 Tip Displacement
2.2.1 Tip Displacement of a Unimorph Cantilever Beam in Static State [40]
In this chapter, a unimorph cantilever beam with unequal lengths of macro fiber
composite and aluminum substrate can be divided into two sections. L1 represents the
length of the MFC and L2 is the length of the cantilever beam without the length of the
MFC (L1). Figure 2.2 shows a schematic diagram of the unimorph actuator attached to
the cantilever beam [40].
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Figure 2.2. Unimorph Cantilever Beam With the Blocking Force

For this analysis, it is assumed that the bonding between the two layers is perfect and the
MFC is poled along its thickness. The x-axis is defined along the top surface of the beam
length and the z-axis is defined along the thickness of the beam. The parameter w
represents the combined width of both the beam and the MFC. The individual thicknesses
of the beam and the MFC are denoted by t Beam and tMFC respectively. Moreover, the
position of the neutral plane of section 1 and that of section 2 are denoted as tn1 and tn 2
respectively [40]. The neutral plane of section 1 depends on the thickness and Young’s
moduli of both the MFC and the beam, while tn 2 is located in the middle of section 2
since it consists of only one layer [40].
Considering a concentrated force F applied perpendicularly at the tip of the cantilever
beam, as shown in Figure 2, the radius of curvature of section 1, r1 , and that of section 2,

r2 , can be expressed as
2
1 d h1  x  M1  x 
F



 L1  L2  x  ,
2
r1
dx
wD1
wD1

for section 1, 0  x  L1 ,
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(2.5)

2
1 d h2  x  M 2  x 
F



 L1  L2  x 
2
r2
dx
wD2
wD2

(2.6)

for section 2, L1  x  L1  L2 ,
In Eqs. (2.5) and (2.6), hi  x  is the axial displacement and M i  x  is the bending moment
of the cantilever beam at position x of section i. D1 and D2 are the bending moduli per
unit width. To derive expressions for D1 and D2 [41], the same unimorph cantilever beam
is considered (Figure 2.2). In this analysis, EMFC is the Young’s modulus of the MFC and

Ebeam is the Young’s modulus of the beam. When an electric field E is applied in the z
(thickness) direction, a lateral strain d33 E is generated in the piezoelectric layer, where

d33 is the piezoelectric coefficient of the piezoelectric layer, causing the unimorph to
bend. The position of the neutral plane tn is determined as the solution of the equation

 z  tn 
Ebeam 
 dz 

 r 
 tbeam
0

tMFC


0

 z  tn 
Ep 
 dz  0
 r 

(2.7)

where r is the radius of curvature due to bending.
Solving Eq. (2.7) for the position of the neutral plane, tn1 , we obtain

tn1 

Ebeamtbeam 2  EMFC tMFC 2
2  Ebeamtbeam  EMFC tMFC 

(2.8)

Once the position of the neutral plane is known, the bending modulus per unit length, D,
of the unimorph cantilever beam can be calculated as follows:
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0

D



Ebeam  z  tn  dz 
2

 tbeam

tMFC



EMFC  z  tn  dz
2

(2.9)

0

This yields the following expression for D1

D1 



EMFC 2tMFC 4  Ebeam 2tbeam 4  2 EMFC EbeamtMFC tbeam 2tMFc 2  2tbeam 2  3tMFC tbeam
12  EMFC tMFC  Ebeamtbeam 



(2.10)

For section 2, which consists of only one layer, tMFC is zero; therefore, Eq. (2.10)
becomes:
D2 

Ebeamtbeam3
12

(2.11)

The lateral strain at position (x, z) in section 1 is given as

 

z  tn1
F

 L1  L2  x  z  tn1 
r1
wD1

(2.12)

for 0 < x < L1
and the lateral stress in the MFC layer can be written as

   EMFC 

FEMFC
 L1  L2  x  z  tn1 
wD1

(2.13)

for 0 < x < L1
The induced electric field, Ein  x, z  in the thickness direction at a given  x, z  location in
the MFC layer is then given by
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Ein  x, z   g33  g33

FEMFC
 L1  L2  x  z  tn1 
wD1

(2.14)

for 0 < x < L1
In Eq. (2.14), g33 is the piezoelectric coefficient, which can be related to the piezoelectric
strain coefficient d33 as
g33 

d33

 r 0

(2.15)

where  r and  0 are the dielectric constant of the MFC layer and the permittivity of free
space, respectively.
By integrating Ein  x, z  with respect to z, the induced voltage at a given x location is
given by

Vin  x  

0



 tMFC

Ein  x, z  dz  g33

FEMFC  L1  L2  x  
1

  tn1tMFC  tMFC 2 
wD1
2



(2.16)

for 0 < x < L1
Assuming that the top and bottom surfaces have the same electrical potential , the
induced voltage between the two surfaces of the piezoelectric layer will be the average of

Vin  x  over the length of the piezoelectric or MFC ( LMFC ), which is given by

Vin,ave 

LMFC

1
LMFC



Combining Eq. (2.16) and Eq. (2.17) gives
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0

Vin  x  dx

(2.17)

FE
1
1
 L1  2L2  g33 MFC  tn1tMFC  tMFC 2 
2
wD1 
2


Vin,ave 

(2.18)

The induced voltage per unit force is therefore

Vin,ave
F



E
1
 L1  2L2  g33 MFC
2
wD1

1

2
 tntMFC  tMFC 
2



(2.19)

To calculate the tip displacement of the cantilever beam, the following boundary
conditions, which state that the tip displacement and its first derivative are zero at the
fixed end, are applied:

dh1
dx

h1  x  0   0 ,

0

(2.20)

x 0

Another set of boundary conditions is obtained from the fact that the tip displacement and
its first derivative are continuous at the junction of sections 1 and 2:
dh1
dx

h1  L1   h2  L1 


x  L1

dh2
dx

(2.21)
x  L1

The tip displacement, h1  x  in section 1 and h2  x  in section 2, can be obtained by
solving Eq. (2.5) and Eq. (2.6) with the boundary conditions specified in Eqs. (2.20) and
(2.21) as follows:

h1  x  

2
1 Fx  x  3L1  3L2 
6
wD1

for 0 < x < L1
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(2.22)

and
 F 3 3F  L1  L2  2  1

1  3FL1
x 
x  
 L1  2 L2  x 


wD2
1 wD2
 D1 D2  w

h2  x   
2

6  1
 FL L  3L2 
   1  1  1

  D1 D2 

w

(2.33)

for L1  x  L1  L2
In addition to the tip deflection of the unimorph cantilever beam, the output force F,
which is equivalent to the blocking force, is also of interest and can be calculated using
beam theory [40]:

Fbl 

3EMFC I c 3EMFC I c

L3
2L

(2.24)

The centroidal axis of the unimorph actuator can be obtained using the transformed cross
section method:

yc 

where A 

1 Atbeam 2  2tMFC tbeam  tMFC 2
2
Atbeam  tMFC

(2.25)

Ebeam
. The area moment of inertia I c of the unimorph beam can be calculated
EMFC

as

Awtbeam3 wtMFC 3 AwtbeamtMFC  tbeam  tMFC 
Ic 


12
12
4
Atbeam  tMFC

2

Thus the flexural rigidity of the unimorph actuator is given by
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(2.26)





2 4
2
3
EMFC wtMFC 3  A B  2 A 2 B  3B  2 B  1 


EMFC I c 
12
AB  1



where B 

(2.27)

tbeam
is the metal/MFC thickness ratio in the unimorph beam.
tMFC

Due to its asymmetrical structure, the unimorph actuator can produce both bending
deformation and extensional deformation when it is subjected to an electric field. To
derive the tip deflection of a unimorph beam, pure bending and pure extensional
deformation will be first considered separately. Bending curvature can then be obtained
by superposition of the bending and extensional deformation.
For linear piezoelectric material, the general constitutive piezoelectric equations are [43]

 Sij  s E ijklTkl  d kij Ek

T
 D j  d jklTkl   jk Ek

i, j, k , l  1 to 3

(2.28)

In matrix form, Eq. (2.28) can be written as:

S    s E  T   d t  E
D   d T    T  E

(2.29)

where  d  is the matrix for the direct piezoelectric and  d t  is the matrix for the converse
piezoelectric effect and t stands for the matrix transpose.
Solving the strain-stress relation in Eq. (2.29) gives:
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 S1   s11
S  
 2   s21
 S3   s31
 
 S4   s41
 S5   s51
  
 S6   s61

s12
s22
s32
s42
s52
s62

s13
s23
s33
s43
s53
s63

s14
s24
s34
s44
s54
s64

s15
s25
s35
s45
s55
s65

s16  T1 
d12
  d
s26  T2   11
d
d 22
s36  T3   21
d32
    d
s46  T4   31
d
d 42
s56  T5   41
d52
   d
s66  T6   51

d13 
d 23   E1 
 
d33   E2 
d 43   E3 

d53 

(2.30)

It is assumed that there is perfect bonding between the MFC and the beam,

T2  T3  T4  T5  T6  0 (because the surface is free and no force is applied), and
S1 , S2 , S3 , S4 , S5 , S6  0 (because it can deform in all directions); therefore, for a
piezoelectric plate, the first set of equations in Eq. (2.30) can be reduced to
S1  s E11T1  s12ET2  s13E T3    d33 E3
 s11ET1  d33 E3

where E3 

V
tMFC

(2.31)

, V is the applied voltage, S is the strain and T is the stress.

Therefore, for the piezoelectric layer,

 

T1  s11E

1

 

S1  s11E

1

d33 E3

(2.32)

and for an elastic beam, we have
T1   s11  S1
1

where  s11E 

1

and  s11 

1

(2.33)

are actually the Young’s moduli of the MFC and the beam,

which were previously defined as EMFC and Ebeam .
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The resultant force due to bending deformation can be obtained using

dF  T1wdy

(2.34)

Combining Eqs. (2.31), (2.32) and (2.33), Eq. (2.34) becomes

F1   T1wdy 

 E

S  EMFC d33 E3 wdy 

MFC 1

tMFC

 E

S wdy

beam 1

(2.35)

tbeam

Therefore,
F1   EMFC tMFC  Ebeamtbeam  wS0   EMFC d33 E3  wtMFC

(2.36)

where S0 is the unimorph extensional strain or strain in the mid-plane. A bending
moment M 1 due to the extensional resultant force F1 can be expressed as

M1   T1wydy 
t

tbeam  tMFC
2

 E

S  EMFc d33 E3 wydy 

MFC 1

tbeam tMFC
2

tbeam tMFC
2

 E

S wydy

beam 1

(2.37)

t
t
 beam MFC
2

In Eq. (2.37), y is measured from the mid-plane of the actuator. Therefore,

M1 

1
1
 EMFC tMFC tbeam  EbeamtMFC tbeam  wS0   EMFC d33 E3  wtMFC tbeam
2
2

(2.38)

For pure bending deformation, the curvature  is defined by
d 2v
 2
dx

(2.39)

where v is the vertical displacement of the mid-plane. Therefore, the extensional strain is
given by
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S1 

L  L  R  y   R y

 y
L
R
R

(2.40)

Substituting Eq. (2.40) into Eq. (2.32) for the piezoelectric layer, we obtain
T1  EMFC  y   EMFC d33 E3

(2.41)

Similarly, substituting Eq. (2.40) into Eq. (2.33) for the beam, we obtain
T1  EMFC  y 

(2.42)

Using Eqs. (2.39), (2.41) and (2.42), the extensional force due to the curvature can be
expressed as

F2   T1wydy 
t

tbeam  tMFC
2

 E

MFC

 y wydy 

tbeam tMFC
2

tbeam tMFC
2

 E

 y wydy

beam

(2.43)

t
t
 beam MFC
2

which yields

F2 

1
 EMFC tMFC tbeam  EbeamtMFC tbeam  w
2

(2.44)

In Eq. (2.44), the piezoelectric term is not considered because it is already considered in
the pure extensional deformation case. The bending moment due to the curvature is
computed as

M 2   T1wydy 
t

tbeam  tMFC
2

 E

MFC

 y wydy 

tbeam tMFC
2

tbeam tMFC
2

 E
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 y wydy

beam

t
t
 beam MFC
2

(2.45)

which, after integrating, yields

 tMFC tbeam 2 tMFC 3 
 tbeamtMFC 2 tbeam3  
M 2   EMFC 


  Ebeam 
  w
4
12 
4
12  




(2.46)

Combining Eqs. (2.36) and (2.44) with Eqs. (2.38) and (2.46), the total extensional force
and bending moment can be obtained for the unimorph actuator as follows:

F  aS0  b  d1

(2.47)

M  bS0  c  d2

(2.48)

where

a   EMFC tMFC  Ebeamtbeam  w
1
 EMFC tMFC tbeam  EbeamtbeamtMFC  w
2

t t 2 t 3 
 t t 2 t 3 
c   EMFC  MFC beam  MFC   Ebeam  beam MFC  beam   w
4
12 
4
12  




b

d1   EMFC d33 E3  wt MFC
d2 

1
 EMFC d33 E3  wtMFC tbeam
2

When no external force and moment are applied to the unimorph actuator (i.e.,

F  0, M  0 ), the equation for the curvature is given as



ad 2  bd1
b2  ac

(2.49)

The curvature of the unimorph actuator can be further expressed as



6 AB 1  B 

d33 E3
A B  2 A 2 B  3B  2 B  1 tMFC
2

4



2

3
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(2.50)

Finally, substituting Eq. (2.27) and Eq. (2.50) into Eq. (2.24), the blocking force for a
unimorph actuator can be expressed as
3w  tMFC  tbeam  EMFC
2

Fbl 

8LMFC



2 AB
d E
 AB  11  B  33 3

(2.51)

where A  Ebeam and B  tbeam .
EMFC
tMFC
Alternatively, the blocking force can be written as

Fbl 

3wEbeamtbeam EMFC tMFC  tbeam  tMFC 
4 L1  Ebeamtbeam  EMFC tMFC 

 d33 E3

(2.52)

2.2.2 Tip Displacement in Simple Harmonic Motion
To find the tip displacement of a cantilever beam under harmonic motion, Euler
Bernoulli beam theory is applied [41].The Euler Bernoulli theory is applicable to beams
for which the length is at least ten times as large as the width.

Figure 2.3 Cantilever Beam with Attached PZT Actuator

Consider a cantilever beam structure with an MFC attached as shown in Figure 2.3.
Applying the Euler-Bernoulli beam theory, the dynamic equation is given [41]:
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A

 2 w  x, t 
t 2

 Ebtb

 4 w  x, t 
x 4

 F t 

(2.53)

where
-

w is the displacement of the beam

-

 is the density of the beam

-

A is the cross-sectional area

-

F  t  is the external force applied to the beam

Since an MFC patch is used to bend the cantilever beam, the external applied force is
equivalent to the blocking force generated by the MFC, which can be calculated from Eq.
(2.52).
The boundary conditions are
-

w  0, t   0

-

wx  0, t   0

-

wxx  Lb , t   0

-

wxxx  Lb , t   0

For the case in which the beam is driven by a harmonic external force, Eq. (2.53) can be
written as

 2 w  x, t 
t

2

c

2

 4 w  x, t 
x

4



F0
sin t    x  L f 
A

41

(2.54)

where
-

 is the angular frequency

-

L f is the distance from the fixed end to the position of the applied force F

c 2 can be expressed as
c2 

Eb I b
A

(2.55)

In this test case, the applied frequency was chosen to be equal to the first natural
frequency of the beam because at this frequency, the tip deflection is the largest. A
general solution for the tip deflection equation is given by
3
x
w  x, t    qi  t Yi  
L
i 1

(2.56)

where
-

qi is the i-th modal coordinate equation of the beam

-

Yi is the i-th mode shape of the beam

For simplicity, only the first three mode shapes are used in the harmonic analysis. Recall
that the general mode shape in Eq (2.4) is given by [39]:

x
 x sinh i  sin i
x
Yi    cosh i  cos i 
L
L cosh i  cos i
L

i x
i x 

 sinh L  sin L 



where L is the beam length and i is a dimensionless natural frequency parameter.
Using orthogonally properties, the external force can be expressed as
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Fi  t  

F0
sin t  X i  L f
A



(2.57)

The convolution integral for any arbitrary input to evaluate qi for an underdamped
system ( 0    1 ) takes the form

qi  t  

1

di

t

enit  Fi   ei sin d i  t     d
0

(2.58)

where
-

d is the damped natural angular frequency, which is defined as d  n 1   2

-

 is the damping ratio

-

n is the natural angular frequency

2.2.3

Numerical Model Analysis

Static State Tip Displacement
To compute the static tip displacement, the mechanical and geometric parameters
in Table 2.1 are used in Eq. (2.52) and Eq. (2.23). MATLAB software was used to solve
these equations and the applied voltage was changed gradually from 0 to 1500 Volts.
Figure 2.4 shows the tip displacement variation as a function of the input voltage.
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Figure 2.4. Static Tip Displacement versus Applied Voltage

Harmonic Motion Tip Displacement
It can be seen that for harmonic motion, which is of particular interest in this
chapter, the damping ratio is a critical parameter. In order to solve Eq. (2.58), the value of
the damping ratio must be assumed or calculated. The most common damping ratio
values are between 0.01 and 0.05 [40].
Because a fundamental goal of this chapter is to compare the results of the frequency, tip
deflection and energy harvesting using the analytical approach with the results obtained
from finite element analysis and experimentation, it was found that the damping ratio
needed to be calculated from experimental data.
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Damping
The damping ratio requires a dynamic test in order to be measured. Many
methods are applied in practice to compute the damping ratio such as the log decrement
method, power input method, percentage overshoot method and slope of phase method.
In this study, the logarithmic decrement method was used to estimate the damping ratio.
Assuming that the system is underdamped, the concept of logarithmic decrement,
denoted by  can be expressed as [40]

  ln

x t 

x t  T 

(2.59)

where T is the period of oscillation. The Euler relation that models the underdamped
motion is defined as

x  t   Aen t sin d t   

(2.60)

Recall that A and  are constants of integration and d is the damped natural frequency
(in units of rad/s).
Substituting Eq. (2.60) into Eq. (2.59) yields

  ln

Aen t sin d t   

Aen t T  sin d t  d T   

(2.61)

Since d T  2 , the denominator can be written as en t T  sin d t    and Eq. (2.61)
for the decrement reduces to
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  ln enT  nT

(2.62)

In this case, the period T is the damped period ( 2 d ) so that

  n

2

n 1   2



2
1  2

(2.63)

Solving Eq. (2.63) for  yields




4 2   2

(2.64)

Note that peak measurements can be applied over any integer multiple of the period to
increase the accuracy of the measurements compared to using the measurements taken at
adjacent peaks. This approach leads to the expression



1  x t  
ln 

n  x  t  nT  

(2.65)

where n is the number of peaks between measurements.
A simple experiment has been conducted to find the damping ratio of the unimorph
cantilever beam. Figure 2.5 shows the experimental setup in which the cantilever beam is
clamped and the MFC is bonded adjacent to the fixed end of the aluminum beam.
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Figure 2.5 Experimental Set Up for Damping Measurement

To record the free vibration of the cantilever beam, a Microtrak laser displacement sensor
was used, and a Microtrak basic support program was used to plot the step response of
the system, shown in Figure 2.6.

Figure 2.6 Underdamped Response Used to Measure Damping
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Harmonic Tip Displacement Results
Using the data from Table 2.1 and Eqs. (2.63) and (2.64), the damping ratio was
estimated to be roughly 0.093. After finding the damping ratio, and in order the solve Eq.
(2.56), the blocking force F0 must be calculated. Substituting the data from Table 2.1
into Eq. (2.52), the blocking force was computed to be approximately 1.6 N. After
determining both the damping ratio and the blocking force, Eq. (2.58) can be evaluated to
determine the modal displacement. Then solving Eq. (2.56) using MATLAB code, plots
of the variation of the harmonic tip displacement with respect to the time were generated
for the first three natural frequencies of 9.78, 54.122 and 152.35 Hz (Figures 2.7, 2.8,
2.9). It should be noted that these frequencies compared to the experimentally meaured
frequencies. The experimental frequencies were used because, in the theoretical analysis,
the MFC actuator used to force the cantilever beam is not taken into consideration when
computing the frequency. The harmonic tip deflection values are shown in Table 2.4.

Figure 2.7 Tip Displacement of the Cantilever Beam in Response to a Forcing Frequency of 9.78 Hz
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Figure 2.8 Tip Displacement of the Cantilever Beam in Response to a Forcing Frequency of 54.122 Hz

Figure 2.9 Tip Displacement of the Cantilever Beam in Response to a Forcing Frequency of 152.35 Hz

Table 2.4 Harmonic Tip Deflection of the Cantilever Beam

Natural frequency
(Hz)

Deflection
(m)

9.78
54.122
152.35

0.11
0.01
1.1E-3
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2.3

Energy Harvesting
2.3.1

Analytical Model of Energy Harvesting

Modeling of the PZT Sensor Using the Euler Bernoulli Method
To find the energy harvested from the MFC sensor, the Euler-Bernoulli method is
applied. Perfect bonding between the MFC and the beam are assumed, and the MFC is
considered to be a layer of the beam. The unimorph beam bends about a common neutral
axis, which is no longer the neutral axis of the beam. Figure 2.10 shows the modulus
weighted cross section of the unimorph beam.

Figure 2.10 Euler Bernoulli Model of the Beam and the MFC with the Modulus Weighted Neutral Axis

The new neutral axis is calculated by a modulus-weighted algorithm. The equation for the
distance to the neutral axis can be written as
tMFC
E
t 
Ei

tMFC MFC   tMFC  b  tb
Ai
2
Eb
2
Er

zs  i 1n

E
Ei
tMFC MFC  tb
Ai

Eb
i 1 Er
n

z

i
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(2.66)

where tMFC and tb are the thickness of the MFC and the beam respectively. Also EMFC and

Eb are the Young’s moduli of the MFC and the beam respectively.
The average strain in the MFC is computed as

 MFC  

t


zs  MFC 

2 
 EMFC I MFC  Eb Ib  
M

(2.67)

where

I MFC 

Ib 

zs

1
3
bz 2 dz  b  zs 3   zs  tMFC  


3
zs tMFC



(2.68)

zs tMFC

1
3
3
bz 2 dz  b  tMFC  tb  zs    zs  tMFC  

3 
 tMFC  tb  zs 



(2.69)

M represents the bending moment acting on the beam.
Substituting Eqs. (2.66), (2.68) and (2.69) into Eq. (2.67) gives

 MFC  

6MEbtb  tMFC  tb 





b  EMFC tMFC  Eb tb  2 EMFC tMFC Ebtb 2tMFC 2  3tMFC tb  2tb 2 
2

4

2

4

(2.70)

The stress is then computed as

 MFC  EMFC MFC

(2.71)

and the voltage of the MFC poling surfaces is related to the stress by

V  g31tMFC MFC
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(2.72)

where g 31 is the piezoelectric coefficient.
Finally, substituting Eq. (2.70) into Eq. (2.71), and then using Eq. (2.72), the equation of
the output voltage is obtained as [43]:

v

6 g31M  1  T 





btMFC 1   2T 2  2 2  3T  2T 2 

(2.73)

where
-

T

tb
tMFC
Ebtb
EMFC tMFC

-



-

b is the beam width

Analytical Approach to Compute Energy Harvested From a Unimorph Cantilever
Beam
The curvature of the beam can be estimated as [42]:

  x, t  

 2 w  x, t 
x 2

where w  x, t  is the harmonic displacement, which is evaluated in section (2.2.2)

(2.74)

To

eliminate the dependence on length in this expression, the average curvature is calculated
as

1
 t  
Lp

Lp

   x, t dx
0
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(2.75)

where the integration limits are between the fixed end and the maximum length of the
PZT. Finally, the applied moment acting on the beam is given by
M  t   Eb I b  t 

(2.76)

Finally, substituting Eq. (2.76) into Eq. (2.73) gives the expression for the time dependent
PZT voltage.
2.3.2

Numerical Model Analysis

Using the data from Table 2.1, and following the analytical model derived
previously, the blocking force F is computed to be 1.6N and the damping ratio is
estimated as 0.093. The variation of the output voltage with respect to time is plotted
using MATLAB software. Figures 2.11, 2.12 and 2.13 below show the output voltage
generated from the MFC for excitation at 9.78, 54.122 and 152.35 Hz. Table 2.5 shows
the output voltage for each frequency.

Figure 2.11 Euler Bernoulli Method Output Voltage for 9.78 Hz Excitation
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Figure 2.12 Euler Bernoulli Method Output Voltage for 54.122 Hz Excitation

Figure 2.13 Euler Bernoulli Method Output Voltage for 152.35 Hz Excitation

Table 2.5 Euler Bernoulli Method Output Voltage

Natural frequency
(Hz)

Voltage
(V)

9.78
54.122
152.35

72
7.4
5.5

54

2.4

Summary and Conclusion
In this chapter, a theoretical analysis of the frequency, tip displacement, and

energy harvesting of a unimorph cantilever beam was investigated. The results obtained
will be compared to those obtained using a finite element model that will be developed in
the next chapter.
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CHAPTER 3 Finite Element Analysis
In this chapter, a finite element analysis of a cantilever beam is carried out using
the commercial code ABAQUS 6.12. Natural frequencies, tip displacement and the
output voltage are obtained from finite element models. These results are then compared
to the analytical results in order to validate the finite element model. Validation of the FE
model is of critical importance because the main objective of this thesis is to model a
structure driven by MFC actuators using ABAQUS software and then apply this model to
study de-icing on the leading edge of a wing using MFC actuation. Therefore all the
FEM parameters are taken into consideration from mesh sensitivity to Rayleigh damping.
The mechanical and geometric data from Chapter 2 are used to generate the FEM
examples in this chapter.

3.1

Natural frequency
To model the cantilever beam, a twenty node quadratic brick with reduced

integration is used (C3D20R). One of the short edges was fixed by specifying zero
degrees of freedom (ENCASTRE). The properties of the modeled aluminum beam are
provided in Table 2.1. After modeling the beam, a mesh refinement study was performed
until little or no changes in the computed natural frequencies were observed. The purpose
of doing a mesh sensitivity study is that the more elements a model has, the more
accurate the results are; however, it will also take longer to calculate the required output,
making it undesirable to employ an unnecessarily fine mesh. Figure 3.1 shows the mesh
sensitivity study for the aluminum cantilever beam. It can be seen that, once the number
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of elements is increased to about 3080, the first natural frequency becomes constant. At
that point, adding more elements does not increase the accuracy of the output results, and
only increase the computational cost.

Figure 3.1 Mesh Sensitivity Study for the Cantilever Beam

It was determined that a mesh with 3080 elements, as shown in Figure 3.2, provides good
accuracy and reduces the amount of time needed for output calculation.

Figure 3.2 Finite Element Mesh for the Aluminum Cantilever Beam
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The data obtained of the first 6 frequencies from the finite element analysis are given in
Table 3.1 below.
Table 3.1. Natural Frequencies and Mode Number From Abaqus

Mode #
1

Frequency (Hz)
8.5536

2

53.595

3

150.12

4

237.42

5

252.96

6

294.43

According to the finite element analysis, Modes 1, 2, 3 and 6 are found to be symmetric
modes while Modes 4 and 5 are asymmetric modes. Symmetric modes can be excited
more easily and effectively than the asymmetric ones while using MFC actuators.
Therefore, asymmetric modes are not investigated. Figures 3.3 and 3.4 show the first two
mode shapes of the cantilever beam, which were plotted using ABAQUS. The rest of the
mode shapes and natural frequencies for the aluminum cantilever beam are given in
Appendix 1.
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Figure 3.3 First Mode Shape

Figure 3.4 Second Mode Shape
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3.2

Tip Displacement
3.2.1

Static Displacement

To determine the tip displacement of the cantilever beam, a finite element model
was developed. As mentioned before, the purpose of this chapter is to show that the
reaction of the modeled MFC actuator and sensor in ABAQUS is similar to that obtained
from the analytical model and from experimental results. MFC type P1 was chosen
because it utilizes the d33 effect for actuation; hence it has a larger piezoelectric strain
coefficient as well as a higher range of operational voltages [30]. Therefore, the type P1
MFC results in a larger tip displacement and would be suitable for use as an actuator.

The MFC actuator is modeled using the reduced 20 nodes second-order quadratic
piezoelectric brick (i.e. C3D20RE) and the cantilever aluminum beam is modeled using
the reduced 20 nodes second-order quadratic brick (i.e. C3D20R). In this model, the
MFC is glued to the cantilever beam at the clamped end using the TIE constraints
method, with surface to surface bonding, which results in joining the degrees of freedom
of both bodies. The epoxy is neglected, and it is assumed that the bonding is perfect
between the MFC actuator and the aluminum beam. The ENCASTRE type is used as a
mechanical boundary condition to fix one of the short sides of the aluminum beam. For
the electrical boundary condition, the bottom surface of the MFC is set as a ground (0V).
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Figure 3.5 M-8514-Type P1

Because of the MFC’s complex structure, which consists of 170 sections of electrocouples with 0.5mm spacing (see Figure 3.5), the MFC P1 electrodes have not been
modeled in micro scale. Therefore, in this research, a new method is applied to simulate
the real electrodes.

Electrode modeling
According to Smart Materials Corp [30], both surfaces of the P2-type MFC are
covered by electrodes. Because it is difficult to model the interdigital electrodes in the
P1-type MFC, it is suggested to convert the MFC P1 to MFC P2 so that the electrodes on
the top and bottom surface of the MFC P1 will be converted to only one large electrode
that covers the whole surface, similar to the MFC P2 case (Figure 3.6). While applying
this technique, it should be ensured that the mechanical and electrical properties of the
MFC P1 remain unchanged. For the piezoelectric properties, the change should be made
in such a manner that, when an input voltage is applied, the strain generated from the new
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MFC should be the same as the MFC with the old design. This leads to the following
assumption:
d '31

V
V
 d33
te
de

(3.1)

where te  0.3mm is the thickness of the MFC and de  0.5mm is the distance between
two consecutive electrodes. So, using the data from Table 2.1 in Eq. (3.1), d '31 is
computed to be 2.76 1010 CN 1 . This value was then applied in the Finite Element
Analysis of the MFC actuator. Moreover, constraint equations to model the electrode
should be defined [44]. The constraints ensure that on the electrode surface, the voltage
degree of freedom (9 total degrees of freedom are tested) of one node is equal to those of
the other nodes (i.e., these constraints emulate the uniform potential of an electrode).
Figure 3.6 shows the modeling of the electrodes using constraint equations.

Figure 3.6 Finite Element Model of the Electrodes
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Mesh sensitivity study
The same procedure used to compute the natural frequencies is repeated for the
static tip displacement. It is important to perform a mesh refinement study every time the
model is changed. The mesh refinement is performed until there is no change in the
results obtained. The final mesh of the finite element model is shown in Figure 3.7.

Figure 3.7 Mesh of Aluminum Cantilever Beam and the MFC Actuator

Results of static analysis
A series of simulations was performed for the static analysis of the cantilever tip
deflection system. A DC voltage using Dynamic Implicit was the only force applied on
the aluminum cantilever beam through the MFC. The loading ranged between 0 to 1500
V with 100 V increments. The load was applied on the top surface of the MFC. Because
the applied load was only a DC voltage, which leads to a small static deflection, in this
case damping has little and sometimes no effect on the deflection. Hence the damping
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ratio was assumed to be zero. Figures 3.8 and 3.9 show the tip displacement for 1500 V
and 600 V respectively. The rest of the results are given in Appendix 2.

Figure 3.8 Static Cantilever Beam Deflection for a Driving Voltage of 1500 V

Figure 3.9 Static Cantilever Beam Deflection for a Driving Voltage of 600 V
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3.2.2 Harmonic Displacement
To find the tip displacement under harmonic excitation, a steady state dynamic
analysis was performed to predict the tip deflection under excitation at the natural
frequencies. In the case of harmonic motion, the damping effect should be considered;
otherwise, the results will be inaccurate because the damping has significant influence on
the structural response at resonance. Hence, the Rayleigh damping was investigated
before running the simulations. It should be mentioned that there is no need to repeat the
mesh sensitivity study in this case because nothing has been added to the modeled
system.
Rayleigh damping
Because no energy is removed from the system, it can be assumed that the
damping is only related to the aluminum cantilever beam. Hence, the same method
applied in Chapter 2 to find the damping ratios can be followed with small modifications.
The Rayleigh damping for the beam is expressed as [44]


1
 fi  
2  fi


i  

(3.2)

where  and  are unknown parameters and f i is the natural frequency of the i-th mode.
To find  and  , the damping ratio of the first two natural frequencies must be found.
Using the concept of logarithmic decrement discussed in Chapter 2, Eq. (2.62) yields
values of 1 = 0.093 and  2 = 0.097.
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Substituting f1 =9.7842 Hz, f 2 =54.122 Hz (due to adding the MFC actuator and sensor),
as well as the two damping ratios 1 and  2 into Eq. (3.2), gives the unknown parameters
of the Rayleigh damping as

 = 1.52606 and  = 3.06351 103 . These values are

added to the material properties of the aluminum beam under the damping parameters
section.
Blocking Force
In order to find the blocking force generated due to the converse piezoelectric
action, the bottom surface of the cantilever beam is clamped using ENCASTRE and then
a DC voltage of 1500V is applied on the top surface of the MFC actuator using Dynamic
Implicit. The reaction force was displayed and the blocking force was determined. It can
be seen from Figure 3.10 that the blocking force or the output force created by the MFC
is approximately 1.6 N, which matches very well with the numerical model analysis.

Figure 3.10 Blocking Force Generated by the MFC Actuator for 1500V Applied Voltage

Results of steady-state analysis
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A sinusoidal electric potential of 1500V was applied to the MFC actuator at the
first three natural frequencies. It should be noted that the natural frequencies used in this
step are not the same as the natural frequencies of the cantilever beam since an MFC
actuator has been added to the beam, which changes the natural frequencies. Hence, the
first three frequencies used are 9.78 Hz, 54.12 Hz and 152.4 Hz, which are similar to the
frequencies that were measured experimentally. When modeling the direct steady state
dynamics, it is important to properly select the range and increment density. Close to
natural frequencies, more points are required, while further away from the natural
frequencies, fewer points are needed. Figures 3.11, 3.12 and 3.13 show the complex
results of the tip displacement of the cantilever beam under sinusoidal loading.

Figure 3.11 Steady State Analysis for Deflection at 9.78 Hz
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Figure 3.12 Steady State Analysis for Deflection at 54.12 Hz

Figure 3.13 Steady State Analysis for Deflection at 152.4 Hz
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3.3

Energy Harvesting
To model energy harvesting, MFC type P2 was chosen because it utilizes the d31

effect. Therefore, this type of MFC is mostly used as strain sensors and for energy
harvesting [30]. The MFC sensor is modeled using the reduced 20 nodes second-order
quadratic piezoelectric brick (i.e., C3D20RE). In this model, the MFC sensor is bonded
on the other clamped side of the clamped end of the aluminum cantilever beam (the MFC
actuator is bonded on the other side) using the Tie constraint. No epoxy layer is
considered and the bonding between the beam and the sensor is assumed to be perfect
(see Figure 3.14).

Figure 3.14 Finite Element Mesh for the Energy Harvesting System

Because the MFC type P2 has only one electrode covering the whole surface, there is no
need for electrode modeling or piezoelectric properties conversions. Both the top and
bottom electrodes of the MFC sensor are set to zero, and constraint equations are applied
to model the top and bottom electrodes of the sensor.
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3.3.1

Results of the Output Voltage

A point located at the center of the top surface of the sensor (the free surface) is used to
report the entire output variable (i.e. EPOT - energy potential or output voltage). Figures
3.15, 3.16 and 3.17 show the variation of the output voltage when the system is forced at
the first three natural frequencies.

Figure 3.15 Energy Potential of the MFC Sensor for a Driving Voltage of 1500V at 9.78 Hz

Figure 3.16 Energy Potential of the MFC Sensor for a Driving Voltage of 1500V at 54.12 Hz
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Figure 3.17 Energy Potential of the MFC Sensor for a Driving Voltage of 1500V at 152.4 Hz

3.4

Summary and conclusion
In this chapter, a finite element analysis model of an aluminum cantilever beam

and an MFC actuator was developed using ABAQUS software. Numerous simulations
were conducted in order to find the natural frequencies of the beam, the static tip
deflection for different driving voltages and the harmonic tip displacement for the first
natural frequency under 1500 volts of actuation. Finally, an MFC sensor was modeled to
estimate the output voltage generated under specific dynamic loads. In the next chapter,
experimental verifications are performed and the results are compared with the analytical
and finite element results.
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CHAPTER 4 Experimental Verification
In this chapter, experiments are performed on the aluminum cantilever beam to
find the natural frequencies, tip deflections and output voltages. Throughout this chapter,
comparisons are made between the data obtained using the analytical model, the finite
element method and experiments. At the end of this chapter, a summary of the key results
is provided.

4.1 Experimental Verification of Natural Frequencies
4.1.1. Experimental Set Up
A schematic of an experimental set up to find the natural frequencies, and output voltage
is shown in Figure 4.1.

Figure 4.1 Experimental Setup
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The total length of the beam is 0.23 m. When it is clamped, the length become 0.22 m as i
noted in the main data table (Table 2.1). The aluminum beam is clamped vertically so its
weight force will have a negligible effect on the transverse bending. The test setup,
shown in Figure 4.1, includes a DC power supply that provides voltage between 0 and 5
V to a small, high-voltage AMD2012CE3 amplifier. This amplifier converts DC voltage
in the range of 0 – 5 V to voltage between -500 and 1500 V, and supplies this voltage to
the MFC type P1 actuators. The MFC is bonded to the beam near the fixed edge using MBond 200 epoxy. The DC voltage input to the amplifier is regulated using a Data
Acquisition System running Labview software. In order to experimentally determine the
modal response of the structure, a sweep sine wave input signal is generated using a
Labview code. This signal is passed to the amplifier that is connected to the MFC
actuator. The frequency of the sweep sine wave is increased gradually from 1 Hz to
500Hz. It can be seen that when the excitation frequency corresponds to a natural
frequency, the structure exhibits larger vibrations.

To measure the response of the

structure to the sweep wave, a circled PZT sensor (radius = 3mm) located at the other
side of the aluminum cantilever beam is used. This sensor is connected to the input of the
DAQ system.
4.1.2 Experimental Verification and Comparison
Using a Labview code for the power spectrum analysis (Figure 4.2), the response
of the cantilever beam can be shown in Figure 4.3.
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Figure 4.2 Power Spectrum Analysis Labview Code.

Figure 4.3 Response of the Cantilever Beam to the Sweep Sine Wave

The first 5 natural frequencies are determined from the power spectrum data presented in
Figure 4.3. A comparison of the natural frequencies obtained using the analytical model,
finite element method and experiment is provided in Table 4.1.
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Table 4.1 Comparison of Natural Frequencies of the Beam (Hz)

Mode #
1
2
3
4

5

Analytical Model
8.4971
53.248
149.07
291.88
482.98

Finite Element Model
8.5536
53.595
150.12
294.43
487.32

Experiment
9.7842
54.122
152.35
293.65
484.19

It can be seen from the table that the experimental values are slightly higher than those
predicted by both the analytical model and the finite element model. Most likely, this
small difference is caused by the way the cantilever beam is clamped and also because
the act of adding an MFC and a PZT sensor and using epoxy that add stiffness to the
experimental structure and which was not modeled in the analytical or finite element
models, slightly altered the natural frequencies.

4.2 Experimental Verification of Tip Displacement
4.2.1 Static Tip Displacement
Experimental Set Up
To find the static tip displacement, a MicroTrak Laser sensor (Figure 4.4) was
mounted near the aluminum beam clamps. The support software for the MicroTrack was
set so that it would measure displacement with respect to time. A DC voltage ranging
between 2.5 to 5 Volts was supplied to the high-voltage amplifier that converts the DC
voltage in the range of 2.5 – 5 V to voltage between 0 and 1500 V range The deflections
of the aluminum cantilever beam were measured for several driving voltages using the
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MicroTrak laser. The laser was aimed at the tip of the cantilever beam to get a precise
value.

Figure 4.4 Experimental Setup for Static Displacement Measurements

Experimental Verification and Comparison
Figure 4.5 provides a comparison of the experimental tip displacement with the
predicted deflection levels from the theoretical and finite element models. For both the
theoretical and finite element analyses, the cantilever beam deflection is approximately a
linear function of applied voltage and both models predict similar deflection values. On
the other hand, the experimental deflections were significantly smaller than those
predicted by the models. These results are likely due to errors caused by how accurately
the beam is clamped, the accuracy of the amplifier in providing the specified driving
voltage and the precision in aiming the laser sensors.
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Figure 4.5. Static Displacement Comparison between the Analytical Model, Finite Element Model, and
Experiments

4.2.2 Harmonic Tip Displacement
Experimental Set Up
In these experiments, the same set up is used to find the tip displacement but the
PZT sensor is removed from the cantilever beam. To find the deflection, a single point
laser vibrometer is used. A small sheet of copper is taped to the tip section of the
cantilever beam to improve the reflection index, as shown in Figure 4.6. Using this
technique helps to increase the signal level on the laser vibrometer, which leads to better
measurements. The laser vibrometer is connected to a vibrometer controller, which is in
turn connected to a DAQ system. To convert the input voltage signal to a displacement
plot, a Labview code was written, the structure of which is shown in Figure 4.7.
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Figure 4.6 Experimental Setup for Harmonic Displacement Measurements

Figure 4.7 Labview Code for Harmonic Displacement Measurements
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Experimental Verification and Comparison
The results shown in Figures 4.8, 4.9 and 4.10 provide a good indication of the
accuracy of the MFC finite element model that was developed in Abaqus. The plot below
shows the harmonic deflection of the aluminum cantilever beam using the analytical,
experimental and finite element approaches. It can be observed that the error between
these three graphs is about 8% for the first two natural frequencies. This percentage error
increases to 32 % for the third frequency. This error is most likely due to the inaccuracy
of the damping ratio that is found experimentally. Results of the harmonic tip
displacement for all of the three testing methods are summarized in table 4.2

Figure 4.8. Harmonic Displacement Comparison between the Three Measuring Methods for 9.78 Hz Harmonic
Excitation
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Figure 4.9. Harmonic Displacement Comparison between the Three Measuring Methods for 54.12 Hz Harmonic
Excitation

Figure 4.10. Harmonic Displacement Comparison between the Three Measuring Methods for 152.4 Hz
Harmonic Excitation
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Table 4.2 Comparison of the Harmonic Tip Deflection between the Three applied Methods

Frequency
(Hz)
9.78
54.12
152.4

Analytical Model
(m)
0.11
0.01
1.1E-3

Finite Element Model
(m)
0.119
7.17E-3
7.6E-4

Experiment
(m)
0.092
6.3E-3
7E-4

4.3 Experimental Verification of Energy Harvesting
Experimental Set Up
The experimental setup of the energy harvesting system consists of an aluminum
cantilever beam, an MFC type P1 for actuation and an MFC type P2 for energy
harvesting. The whole system is shown in Figure 4.1. A sine wave signal ranging
between -500V to 1500 Volts with a frequency of 9.7842 Hz was supplied to the MFC
actuator to actuate the beam. The MFC sensor was connected to an oscilloscope to
measure the output voltage.
Experimental Verification and Comparison
The results shown in Figures 4.11, 4.12 and 4.13 provide a good indication of the
accuracy of the MFC finite element model that was developed in Abaqus. The plot below
shows the voltage generated from the MFC sensor using the analytical, experimental and
finite element approaches.
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Figure 4.11. Output Voltage Comparison between the Three Measuring Methods for 9.78 Hz Harmonic
Excitation

Figure 4.12. Output Voltage Comparison between the Three Measuring Methods for 54.12 Hz Harmonic
Excitation
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Figure 4.13. Output Voltage Comparison between the Three Measuring Methods for 152.4 Hz Harmonic
Excitation

It can be observed that the error between the analytical and finite element analysis is less
3 %, which indicates that the finite element model is reasonably accurate. As for the
experimental results, the error is about 25 %. This percentage error is due to many
factors. The possible cause for the lower output voltage observed in the experiments is
the additional stiffness in the structure induced by the epoxy, which is neglected in both
analytical finite element analyses. In addition to the bonding, the output voltage
generated by the amplifier is not very accurate, which is not the case for the analytical
and finite element analyses. These results indicate that the finite element model is
reasonably accurate. Results of the harmonic tip displacement for all of the three testing
methods are summarized in table 4.3

83

Table 4.3 Comparison of the Output Voltage between the Three Applied Methods

Frequency
(Hz)
9.78
54.12
152.4

Analytical Model
(V)
72
7.3
5.59

Finite Element Model
(V)
76.25
7.683
5.762

Experiment
(m)
74
5.6
5.05

4.4 Summary and Conclusion
After the experiments are performed and compared to the data obtained using the
analytical model and finite element method, it can be conclude that the finite element
model is reasonably accurate. In the next chapter, the model MFC finite element model
will be applied to an aluminum leading edge of a wing and the proposed de-icing
technique will be simulated.
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CHAPTER 5 De-icing of Aluminum Leading Edge
After successfully verifying the reliability of the MFC model and results in
ABAQUS, the de-icing of an aluminum leading edge wing structure using MFC actuators
is investigated. In this chapter, a finite element analysis of leading edge de-icing is
carried out using ABAQUS software. The study will examine first the natural frequencies
of the leading edge structure along with its excitation modes. Then a parametric study for
different variables will be discussed in order to increase the efficiency of the proposed
technique as well as to minimize the power consumption. These variables include the
placement, orientation, number and thickness of MFCs used for the de-icing application.
Finally an investigation of ice debonding will be discussed.

5.1

Leading Edge
The leading edge is the first part of airplane wings and stabilizers that contacts the

air and the foremost edge of the airfoil section. Figure 5.1 shows the leading edge of a
typical airfoil section in red. In this de-icing study, the leading edge is considered as a
separate structure and connected to the main body of the airfoil section called the “after
body” using rivets.
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Figure 5.1 Leading Edge and After Body of an Airfoil Section

The curvature of the leading edge is determined by the National Advisory Committee for
Aeronautics (NACA) that developed the airfoil section and shapes for aircraft wings. In
this study, a NACA 00234 airfoil is modeled. The formula of the thickness distribution of
a NACA section is given by [45]:
2
3
4
t 
x
 x
 x
 x
 x   (5.1)
 yt 
c 0.2969
 0.1260    0.3516    0.2843    0.1015   
0.2 
c
c
c
c
 c  

where
-

c is the chord length

-

x is the position along the chord from 0 to c

-

y is the half thickness at a given x

-

t is the maximum thickness as a fraction of the chord

An aluminum leading edge corresponding to the NACA 0024 airfoil geometry is modeled
in ABAQUS. The maximum thickness of the leading edge cross-section is 9.45 in (0.24
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m) at 24 % of the chord length. The width and the sheet thickness are 11.811 in (0.3 m)
and 0.000295 in ( 0.75 103 m), respectively. Because of the complexity of the leading
edge structure, there are no analytical models to calculate a reasonable prediction of the
shear stresses, natural frequencies and the mode shapes.

Therefore, this de-icing

investigation is performed using only finite element analysis, which emphasizes the
importance of the finite element model validation performed in previous chapters.

5.2 Finite Element Modal Analysis
5.2.1 Natural Frequency
To model the leading edge, an 8-node doubly curved thick shell with reduced
integration is used (i.e. S8R). The nodes of the two flat edges of the leading edge, which
would be connected to the after body defined before, are fixed and given zero degrees of
freedom (i.e. ENCASTRE) as shown in Figure 5.2.

Figure 5.2 Leading Edge Model With Fixed Flat Edges
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Because the mesh is not very rough, the accuracy can be ensured by using secondorder elements. In this model, 1120 total elements have been generated on the leading
edge. The finite elements mesh with element and node numbers of the leading edge are
shown in Figure 5.3.

Figure 5.3 Finite Element Mesh of the Leading Edge

The material properties of the aluminum leading edge are summarized in Table 5.1
Table 5.1. Material and Geometric Parameters of the Aluminum Leading Edge.

Parameter

Value

Length

0.3m

Thickness

75 105 m

Density

2700 kg m3

Young’s Modulus

70 109 Pa

Poisson Ratio

0.35

Modal analysis is performed to obtain the first six natural frequencies and mode shapes of
the leading edge. The computed natural frequencies are given in Table 5.2.
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Table 5.2. Natural frequencies and mode
number from ABAQUS

Mode #
1
2
3
4
5
6
7
8
9
10

Frequency (Hz)
21.555
59.125
64.190
105.93
113.77
162.82
173.73
231.66
237.42
314.26

The first three natural frequencies and mode shapes are shown in Figures 5.4, 5.5 and 5.6,
and other mode shapes plots are given in Appendix 3.

Figure 5.4 First Mode Shape and Natural Frequency (21.56 Hz)
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Figure 5.5 Second Mode Shape and Natural Frequency (59.13 Hz)

Figure 5.6 Third Mode Shape and Natural Frequency (64.19 Hz)
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5.2.2 Placement of MFC Actuators
Modal Analysis
After finding the natural frequencies using ABAQUS, a study was performed to
determine the best placement of the MFC actuators as well as the best excitation mode
for the proposed de-icing application. In order to find the best MFC location, an
investigation of the shear stress distribution along the leading edge is conducted. To
produce the maximum excitation for a particular mode, the MFC actuators should be
placed at a location where the stresses are very high in that specific mode. Contour plots
for the shear stress distributions during modal analysis are given in Figures 5.7, 5.8, and
5.9 for the first three mode shapes.

Figure 5.7 Shear Stress Distribution in the First Mode
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Figure 5.8 Shear Stress Distribution in the Second Mode

Figure 5.9 Shear Stress Distribution in the Third Mode
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It can be seen for the first two mode shapes that the shear stress distribution’s area is very
small and close to the edge. Even if the third mode shape gives a clear plot for the shear
stress distribution, it was decided that this method is not reliable. The contour plots for
the other three modes are given in Appendix 4.

Steady state dynamics analysis
Because the natural frequencies of the leading edge structure as well as the mode
shapes are subjected to changes due to adding an ice layer and MFC actuators, and the
determination of the best location for the actuator based on shear stress distribution is not
reliable; therefore, further investigations are performed to find the best excitation mode
and the best placement of the MFC actuators. For this purpose, an ice layer and an MFC
actuator are modeled and added to the leading edge structure. The ice layer is modeled
using an 8 node linear brick with reduced integration (i.e. C3D8R).

The ice was

distributed so that it covers the entire tip surface of the leading edge because this surface
is the first one to be exposed to the wind; therefore, the ice accumulation on this surface
should be the highest. The MFC actuators are modeled using the same mechanical
properties and techniques described in Chapter 3. The mechanical and geometric
properties of the ice layer and the MFC actuators are given in Table 5.3.
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Table 5.3 Properties of Ice and MFC [39-48]

Item

Parameter

MFC P1

Length

Value

8.5 102 m
1.4 102 m
0.3 103 m

Width
Thickness

ICE

Density

8.5 102 m
0.3m
4 103 m
917 kg m3

Young’s Modulus
Poisson ratio

9 109 Pa
0.31

Length
Width
Thickness

The MFC actuator and the ice layer are bonded to the leading edge structure using the Tie
constraint. No epoxy layers are considered and the bonding is assumed to be perfect.
Figure 5.10 shows the mesh size of the leading edge with the ice layer and one MFC
actuator.

Figure 5.10 Finite Element Mesh for the De-icing Application
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Natural frequency of the de-icing technique
After modeling the de-icing technique in Abaqus, the MFC actuator is placed in
six different locations. Both the stiffness and the mass of the structure change due to
adding an ice layer and an MFC actuator. Hence, a second modal analysis is performed to
extract the modified natural frequencies and mode shapes. Six different MFC actuator
locations are considered for the analysis.
Location 1: One MFC actuator is placed at the center of the inner surface of the tip
leading edge. Figure 5.11 illustrates the first location.

Figure 5.11 MFC Actuator - First Location

Location 2: One MFC actuator is placed at the center of the leading edge inner surface at
7.8 in (0.2m) from the fixed edge. Figure 5.12 illustrates the second location.
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Figure 5.12 MFC Actuator - Second Location

Location 3: One MFC actuator is placed at the center of the leading edge inner surface at
2.165 in (0.055m) from the fixed edge. Figure 5.13 illustrates the third location.

Figure 5.13 MFC Actuator - Third Location

Location 4: One MFC actuator is placed at the center of the tip leading edge inner
surface. The MFC length is parallel to the fixed edge. Figure 5.14 illustrates the fourth
location.
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Figure 5.14 MFC Actuator - Fourth Location

Location 5: One MFC actuator is placed at the center of the leading edge inner surface.
The MFC length is parallel to the fixed edge and located at 9.27 in (0.2355m) from it.
Figure 5.15 illustrates the fifth location.

Figure 5.15 MFC Actuator - Fifth Location
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Location 6: One MFC is placed at the center of the leading edge inner surface. The MFC
length is parallel to the fixed edge and located at 4.055 in (0.103 m) from it. Figure 5.16
illustrates the sixth location.

Figure 5.16 MFC Actuator - Sixth Location

The natural frequencies for the first 6 mode shapes with respect to the actuator locations
are shown in Table 5.4.
Table 5.4 Natural Frequency of the Leading Edge Structure For Various MFC Actuator Locations (Hz)

Mode #

1

2

3

4

5

6

Location 1

18.35

69.46

69.86

105.3

139

200.1

Location 2

18.35

69.54

69.78

105.3

138.9

199.2

Location 3

18.43

69.57

69.79

105

139

199.1

Location 4

18.36

69.45

69.86

105.4

139

200.1

Location 5

18.34

69.54

69.86

105.3

138.9

198.9

Location 6

18.42

69.56

69.84

105.12

138.93

198.7
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Steady state dynamics with MFC actuator
In this step, a sinusoidal electric potential of 1500V is applied to the MFC
actuator at the natural frequencies of the structure, as calculated in the previous section.
Damping ratio of the aluminum leading edge is considered to be 0.15 [40]. All six of the
actuator locations listed in Table 5.3 are considered. For each location, the structure is
excited at its natural frequency, and then the response of the structure is evaluated
through the shear stress contour plot of the ice layer surface. This surface represents the
interface surface between the aluminum leading edge and the ice layer. The highest shear
stresses generated in the structure due to the MFC actuation are listed in Table 5.5.

Table 5.5 Highest Shear Stresses on the Ice Surface (MPa)

Mode #

1

2

3

4

5

6

Location 1

0.131

0.0952

17.65

0.131

0.13

11.46

Location 2

3.889

0.0424

134

4.82

4.64E-3

20.26

Location 3

3.028

0.075

12.87

1.483

9.54E-4

10.89

Location 4

0.0279

0.03

123

0.0279

0.0278

6.56

Location 5

1.806

6.911

7.7

1.357

7.27E-3

13.78

Location 6

3.06

1.611E-3

2.06

2.88

7.2E-4

11.18

According to the results in Table 5.4, the highest levels of shear stress are generated in
modes 3 and 6. It is also clear from the results that Location 2 is the best location for the
MFC actuator comparing to the other locations. Between these two modes, the third
mode is chosen for the de-icing method because the shear stress generated in mode 3 are
higher than the one generate in mode 6. Hence, it can be concluded from this study that
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Location 2, where the actuator is attached at the center of the leading edge inner surface
at 7.8 in (0.2m) from the fixed edge (Figure 5.12), provides the most effective excitation
of the third mode. The third and the sixth mode shapes and stress distributions for all six
locations are given in Appendix 5 and 6 respectively.

5.2.3

Optimization of Variables

After determining the best location as well as the best excitation mode for the
proposed de-icing technique, two parameters are studied to improve the actuation force
and efficiency.
Number of MFC Actuators
The analysis of the best number of MFC actuators to use is carried out along similar lines
as that used to determine the best actuator location. While changing the number of
actuators and their distribution at Location 2 was investigated before, the natural
frequency is extracted again and then a steady state dynamics analysis is performed.
Seven variations on the number of MFC actuators and their spacing are studied.

Distribution 1: One MFC actuator is placed at the center of the leading edge inner
surface at 7.8 in (0.2m) from the fixed edge. Figure 5.17 illustrates the first distribution.
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Figure 5.17 Distribution 1 - One MFC in the Center

Distribution 2: Two MFCs attached at the center of the leading edge inner surface at 7.8
in (0.2m) from the fixed edge. The space between the actuators is 3.54 in (0.09m). Figure
5.18 illustrates the second distribution.

Figure 5.18 Distribution 2 - Two Equally Spaced MFCs
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Distribution 3: Three MFCs attached at the center of the leading edge inner surface at
7.8 in (0.2m) from the fixed edge. The space between the actuators is 2.54 in (0.0645m).
Figure 5.19 illustrates the third distribution.

Figure 5.19 Distribution 3 - Three MFCs Equally Spaced

Distribution 4: Three MFCs attached at the inner surface of the leading edge at 7.8 in
(0.2m) from the fixed edge. One MFC is placed in the center and the other two are
attached close to the edges. Figure 5.120 illustrates the fourth distribution.
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Figure 5.20 Distribution 4- Three MFCs Distribution.

Distribution 5: Four MFCs attached at the inner surface of the leading edge at 7.8 in
(0.2m) from the fixed edge. The four MFCs are equally spaced (1.92 in). Figure 5.21
illustrates the fifth distribution.

Figure 5.21 Distribution 5 - Four Equally Spaced MFCs
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Distribution 6: Five MFCs attached at the inner surface of the leading edge at 7.8 in
(0.2m) from the fixed edge. The four MFCs are equally spaced (2.263 in). Figure 5.22
illustrates the sixth distribution.

Figure 5.22 Distribution 6 - Five MFCs Equally Spaced

Since mode 3 is chosen to be the excitation mode for this de-icing technique, the natural
frequency of the third mode with respect to the different actuator distributions are shown
in Table 5.6. The third mode shapes of all these distributions are given in Appendix 6.

104

Table 5.6 Natural Frequencies of The Leading Edge Structure for Various Actuator Distributions

Mode 3
Distribution 1

Natural Frequency
(Hz)
69.78

Distribution 2

69.58

Distribution 3

69.39

Distribution 4

69.39

Distribution 5

69.21

Distribution 6

69.02

As expected, there was little variation in natural frequency for the different distributions.
Further, the steady state analysis is performed and the shear stresses obtained are given in
Table 5.7.
Table 5.7 Highest Shear Stress on The Ice Layer Due to The Third Mode Excitation

Mode 3
Distribution 1

Shear Stress
(MPa)
134

Distribution 2

28.14

Distribution 3

146.3

Distribution 4

1.294

Distribution 5

62.86

Distribution 6

121.2

From the results in Table 5.6, it can be concluded that Distribution 3 provides the
maximum shear stress and is the most effective choice. Therefore, the study of the MFC
width variation is focused only on Distribution 3, which consists of three MFC actuators
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with equal spacing. The entire contour plots for the mode shapes and shear stresses due to
the third mode are given in Appendix 7.
MFC Width
In this study, only Distribution 3 is taken into consideration. Hence, the MFC
actuator position is not changed in this investigation. Three choices of MFC width, 1.4,
2.8 and 5.7 cm, are investigated to determine which case yields the higher shear stress.
Similar to the previous analyses, first the new natural frequencies are extracted from the
model, and then the shear stresses are evaluated using steady state dynamics analysis.
1.4 cm width: Three MFCs attached at the center of the leading edge inner surface at 7.8
in (0.2m) from the fixed edge. The space between the actuators is 2.54 in (0.0645m) and
the thickness is 0.55 in (0.014m). Figure 5.23 illustrates this distribution.

Figure 5.23 Three MFCs Equally Spaced With 1.4 cm MFC Width
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2.8 cm width: Three MFCs attached at the center of the leading edge inner surface at 7.8
in (0.2m) from the fixed edge. The space between the actuators is 2.54 in (0.0645m) and
the thickness is 1.1 in (0.028m). Figure 5.24 illustrates this distribution.

Figure 5.24 Three MFCs Equally Spaced With 2.8 cm MFC Width

5.7 cm width: Three MFCs attached at the center of the leading edge inner surface at 7.8
in (0.2m) from the fixed edge. The space between the actuators is 2.54 in (0.0645m) and
the thickness is 2.244 in (0.057m). Figure 5.25 illustrates this distribution.
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Figure 5.25 Three MFCs Equally Spaced With 5.7 cm MFC Width

Then natural frequencies and the highest shear stresses for the different MFC width are
given in Table 5.8.
Table 5.8 Natural Frequency and Highest Shear Stress on the Ice Layer

Mode 3
1.4 cm width

Natural frequency
(Hz)
69.39

Shear Stress
(MPa)
146

2.8 cm width

68.87

1.7

5.7 cm width

67.93

0.688

According to table 5.6, the shear stress of a 1.4cm width MFC actuator is very high
comparing to the other two widths. These results are due to the change of the leading
edge mode shape. By changing the actuator’s width to 2.8 and 5.7 cm, the third mode
shape become asymmetric which has led to a very small shear stress. The third mode
shapes as well as the shear stress distribution contour plots are given in Appendix 8.
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Now, after studying the placement of MFC actuators, the mode shapes, and the number
and width of the MFC actuators, it can be concluded that mode 3 is the best excitation
mode for the de-icing application. Location 2 with the third distribution using 1.4cm
width MFC provides the largest shear stresses on the ice surface.

5.3

De-bonding Investigation
After studying all the factors above, the next step is to determine if the ice layer

will debond from the leading edge when it is excited at the third mode. According to
Archer and Gupta [29], the maximum adhesive shear to debond the ice from the
aluminum surface is considered to be 1.6MPa. Hence when the shear stress distribution
on the ice surface exceeds 1.6 MPa, debonding should occur. Different thicknesses of the
ice layer that covers the tip leading edge are investigated, and the summary of the
structural responses is given in Table 5.9.
Table 5.9 Summary of Structural Response to De-bonding

Mode 3
4 mm of ice

Natural frequency
(Hz)
69.39

Shear Stress
(MPa)
146

Debonding
(Yes/No)
Yes

5 mm of ice

68.77

25.8

Yes

6 mm of ice

67.96

35.2

Yes

7 mm of ice

67.1

22.7

Yes

8 mm of ice

66.33

22

Yes

All the natural frequencies and shear stress distributions with respect to varying ice layer
thickness are shown in Appendix 9.
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5.4

Power Consumption
Three MFC actuators are used for de-icing the leading edge structure. The power

consumption for a single MFC actuator is given by the Eq. 5.1 [46]

Pmax   .C.Vmax .VP.P . f

(5.2)

where
-

Pmax is the peak power (W)

-

C is the MFC capacitance (F)

-

Vmax is the nominal voltage of the amplifier (V)

-

VP. P is the peak to peak drive voltage (V)

-

f is the operation frequency (Hz)

In this study, the capacitance C of an MFC actuator is 3nF [30]. The applied peak to peak
voltage is 2000 Volts (-500V to +1500V), the nominal voltage of the amplifier is 1500
Volts and the excitation frequency is roughly 69.2 Hz. Hence the power consumption of
each MFC actuator after simple calculation is 1.956 Watts. Since we have three MFC
actuators, the total power consumption is found to be 5.868 Watts.
To operate these actuators, AMD2012-CE3A amplifiers are used (discussed before).
According to smart materials corporation [30], the maximum output power for each
amplifier cannot exceed 4 Watts, therefore is it not desired to connect two MFC actuators
to a same amplifier ( power consumption for two MFCs is 3.912 Watts.). Therefore,
three actuators need three amplifiers. Since each amplifier needs 1.4 Watts to generate
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maximum output voltage [30], the total power consumption for the proposed de-icing
technique is 4.2 Watts. The surface area of the tested leading edge is 0.9 ft 2 (0.0837 m 2 ),
so the total power consumption for the proposed technique can be expressed as

4.2W ft 2 ( 51.18W m2 ).
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CHAPTER 6 Conclusion and Future Work
6.1 Conclusion
A technique for in flight de-icing of the leading edge of an aircraft wing using
lightweight Macro Fiber Composite (MFC) actuators is proposed for breaking the
adhesive bond between an accumulated ice layer and the leading edge. A literature
review of investigations on the adhesive shear strength of ice led to the conclusion that
the maximum shear strength needed to break the adhesive bond of the interface surface
between the ice and an aluminum leading edge is 1.6 MPa. The proposed de-icing
technique relies on the fact that when a structure is excited at its natural frequencies, the
shear stress generated is largest at certain modes of vibration. A finite element model of
MFC actuators mounted to a structure was developed in ABAQUS to simulate the
performance of this de-icing technique. After comparing the results obtained from an
analytical model, the finite element model and experimental analysis, it is concluded that
the ABAQUS model of MFC is highly reliable.
To study the proposed deicing technique, the aluminum leading edge of an airfoil was
modeled in ABAQUS and then several simulation studies were performed. After
determination of the natural frequencies and shear stresses along the leading edge, it was
found that mode 3 is the most effective mode of excitation for de-icing. Further finite
element analyses were then conducted to determine the best location, number, and width
of the MFC actuators for the proposed de-icing technique. It can be concluded that the
best combination of these parameters corresponds to placing three 1.4 cm wide MFC
actuators at the inner surface of the leading edge at 20 cm from the fixed edge. The
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spacing between these actuators is 6.45 cm. This combination creates a shear stress
surface of 146 MPa, which is more than sufficient to debond the ice from the wing
leading edge. Moreover, varying levels of ice thickness were studied and debonding was
achieved in all the cases considered.
Finally, the total power consumption for the proposed de-icing technique was found to be
51.18 Watts per square meter.
It should be mentioned that the proposed de-icing method addresses many drawbacks
from other de-icing techniques currently in use.
1- Lower weight: The weight of each amplifier is 14 grams and each MFC
actuator is 2 grams, which makes a total weight of 48 grams for three MFC
actuators with amplifiers. This weight is considered negligible compared to
the weight of de-icing boots or heating systems.
2- Power consumption: The total power consumption is 51.18 Watts per square
meter, which is very low compared to thermal techniques.
3- Airfoil aerodynamics: The MFC actuators are bonded on the inner surface of
the leading edge; therefore, they do not change the shape of the airfoil and
hence they do not affect the performance of the aircraft.
4- Ease of attachment: the MFC actuators are very flexible and can be attached
easily on the leading edge inner surface.
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6.2 Future Work
Recommended future work regarding this topic includes
1- Experimental investigation of the proposed de-icing technique.
2- Application of the current proposed model for composite leading edge.
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Appendix 1
Mode Shapes and Natural Frequencies of the Cantilever Beam
Mode 3

Mode 4
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Mode 5

Mode 6
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Mode 7

Mode 8
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Appendix 2
Tip Displacement for Different Driving Voltages
Driving Voltage of 1200 V

Driving Voltage of 1000 V
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Driving Voltage of 800 V

Driving Voltage of 400 V
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Appendix 3
Leading Edge Natural frequencies and Mode Shapes
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Appendix 4
Shear Stress Distribution Along the Leading Edge
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Appendix 5
Natural Frequencies and Mode Shapes for Different Actuator Locations
Location 1

133

Location 2
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Location 3
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Location 4
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Location 5
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Location 6
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Appendix 6
Shear Stress Distribution For Different Actuator Locations
Location 1
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Location 2
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Location 3
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Location 4
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Location 5
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Location 6
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Appendix 7
Mode Shape and Shear Stress
Distribution 1:
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Distribution 2:
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Distribution 3:
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Distribution 4:

148

Distribution 5:

149

Distribution 6:
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Appendix 8
Mode Shapes and Shear Stress Distribution for Different Actuator
Width
1.4 cm width:
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2.8 cm width:
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5.7 cm width:
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Appendix 9
Mode Shapes and Shear Stress Distribution for Different Ice Thickness
4 mm ice thickness:
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5 mm ice thickness
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6 mm ice thickness
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7 mm ice thickness
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8 mm ice thickness
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